• Premise of the study: Adansonia digitata L. is one of the most important indigenous fruit trees of mainland Africa. Despite its signifi cance for subsistence and income generation of local communities, little is known about the genetic and morphological variability of East African populations of A. digitata , including those of Sudan. The aim of the current study, therefore, was to analyze genetic and morphological variability of different baobab populations in Kordofan, Sudan and to estimate the effect of human intervention on genetic differentiation and diversity.
• Methods: A total of 306 trees were randomly sampled from seven spatially separated locations in the Nuba Mountains, Sudan, to cover a wide range of differing environmental gradients and management regimes ('homesteads' and 'wild') . Genetic analyses were conducted using nine microsatellite markers. Because of the tetraploid nature of A. digitata , different approaches were applied to estimate patterns of genetic diversity. Investigations were completed by measurements of dendrometric and fruit morphological characters.
• Key results: Genetic diversity was balanced and did not differ between locations or management regimes, although tendencies of higher diversity in 'homesteads' were observed. A Bayesian cluster approach detected two distinct gene pools in the sample set, mainly caused by one highly diverse population close to a main road. The variability of tree characters and fruit morphometries was high, and signifi cantly different between locations.
• Conclusions: Results indicated a rather positive effect with human intervention. The observed populations provide a promising gene pool and likely comprise ecotypes well-adapted to environmental conditions at the northern distribution range of the species, which should be considered in conservation and management programs. et al., 2011 ) . However, increased diversity in planted populations may also occur because of the non-random admixture of certain genotypes ( Stefenon et al., 2008 ) . Both possibilities have been suggested for baobab because of its often close association to past and present-day human settlements ( Wickens, 1982 ; Sidibé and Williams, 2002 ; Duvall, 2007 ) , and common transplanting of seedlings from the 'wild' into villages throughout West Africa ( Dhillion and Gustad, 2004 ) . Thus, humans may have infl uenced the genetic structure of baobab by on-going and iterative non-random selection and migration processes for centuries or even millennia, leading to incipient domestication ( Lovett and Haq, 2000 ; Sidibé and Williams, 2002 ; Pock Tsy et al., 2009 ; Munthali et al., 2013 Munthali et al., ). et al., 2013 . These markers allow for the analysis of the genetic diversity of the species, seed-and pollen-mediated gene fl ow and inbreeding, and may even help to predict consequences of climatic fl uctuations on genetic structures ( Larsen et al., 2009 ). The approach is particularly effective in evaluating genetic bottlenecks associated with anthropogenic interventions ( Hollingsworth et al., 2005 ; Larsen et al., 2009 ; Ekué et al., 2011 ) . Agroforestry systems (such as 'homegardens') located in human settlements are ideal to study the effects of anthropogenic interventions on genetic and morphological variation in tree species. It is well known that human intervention through selection may reduce the genetic diversity of cultivated species, including indigenous fruit trees ( Lengkeek et al., 2006 ; dried leaf material previously sampled from 26 randomly selected trees of three West African countries (Burkina Faso, n = 14, Mali, n = 5, and Northern Nigeria, n = 7) was included in the genetic analyses.
Geographic position (WGS 84) and elevation was determined for each individual tree using a handheld GPS unit (eTrex Vista HCx, Garmin Ltd., Southampton, UK; accuracy ± 2 m). Tree height was measured by intercept theorems ( Kramer and Akca, 2002 ) . The girth at breast height (1.3 m above ground) was determined twice with a measuring tape ( Wickens and Lowe, 2008 ) , and the geometric mean was arithmetically transformed to diameter at breast height (DBH). Because reliable age estimations are known to be impossible for the baobab ( Johansson, 1999 ) , six successive size classes for the overall samples were created assuming lower DBH for younger trees and higher DBH for older trees ( Table 2 ) . This size class structure may allow for the evaluation of different recruitment patterns of locations and stands ( Gebauer and Luedeling, 2013 ) .
One to 16 fruits (mean = 5) per mature tree were directly harvested from trees or picked from the ground underneath the canopy during fruiting season. Length and girth (at the widest point of the fruit) were determined with a measuring tape, and girth was arithmetically transformed to diameter. The fruitshape ratio was calculated by dividing fruit length by diameter. Fruit production was only observed in 145 trees, and thus, fruit availability was set to 0 (not present on tree) or 1 (present on tree).
DNA extraction and genetic analyses -Total DNA was extracted from leaves using the DNeasy 96 Plant Kit (Qiagen GmbH, Hilden, Germany). Nine highly polymorphic microsatellite markers were applied as originally developed for this species by Larsen et al. (2009) . PCR reactions were set up in a final volume of 15 µl containing 2 ng of genomic DNA (about 10 ng); 1 × reaction buffer (0.8 M Tris-HCl pH 9.0, 0.2 M (NH 4 ) 2 SO 4 , 0.2% w/v Tween-20, Solis BioDyne, Tartu, Estonia); 2.5 mM MgCl 2 , 0.2 mM of each dNTP; 1 unit of Taq DNA polymerase (HOT FIREPol DNA Polymerase, Solis BioDyne); and 0.3 μ M of each forward and reverse primer. The forward primers of all loci were labeled with different fl uorescent dyes (FAM, HEX). The PCR was performed under the following conditions: initial denaturation at 95 ° C for 15 min, followed by 30 cycles of 94 ° C for 1 min, 58 ° C for 1 min, 72 ° C for 1 min, and a fi nal elongation at 72 ° C for 20 min. Only the loci Ad01 and Ad14 were multiplexed in one PCR reaction, but all loci were combined in three electrophoresis sets (set 1: Ad01/04/08/14, set 2: Ad02/09/17, set 3: Ad10/12/18). Separation of microsatellite fragments was carried out in an ABI PRISM 3100 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA). Fragment sizes were determined by GeneScan 3.7 using the internal size standard GS 500 ROX. Analysis and scoring of the fragments were carried out using Peak Scanner Software v0.1 (Applied Biosystems, Foster City, CA, USA). In addition, one polymorphic chloroplast microsatellite primer (ccmp3) was used under similar conditions with an annealing temperature of 50 ° C to test for the haplotype distribution between all samples.
Data analyses -The genetic and morphological variation within several groups was analyzed per region (West Africa, Nuba Mountains), per location (seven cardinal points: north (N), northeast (NE), northwest (NW), central (C), south (S), southeast (SE), and southwest (SW), per stand ('homestead'/'wild'), and corresponding to two genetic clusters found in the structure analysis (clusters 1 and 2; see below).
Two approaches were used to analyze the genetic diversity of baobab stands because of its tetraploid nature and therefore unknown allele dosage of partial heterozygotes. The program TETRASAT ( Markwith et al., 2006 ) was used to In Sudan, baobab is of particular importance for local food and nutrition security of local communities, including agroforestry systems of the Nuba Mountains, where baobab was the third most abundant (16%) indigenous fruit tree species ( Wiehle et al., 2014 ) . These populations are located at the northern edge of the distribution area in Eastern Africa, characterized by low rainfall. Thus, special adaptation to arid conditions can be assumed, which is especially important for future management of baobab resources regarding climate change ( Sanchez et al., 2011a ) . Natural fragmentation of stands in sub-Saharan regions and overexploitation strongly threatens the species' gene pool; hence, con servation is urgently suggested ( Wickens, 1982 ; Assogbadjo et al., 2009 ; Sanchez et al., 2011a ) . The development of management and conservation strategies requires a detailed investigation of genetic resources in the neglected populations of the Sudanese Nuba Mountains. In this study, we therefore aimed to analyze genetic diversity and variation of baobab among locations, as well as between stands and genetic clusters, combined with phenotypic observations. We further investigated the effects of human intervention on the genetic resource of A. digitata .
MATERIALS AND METHODS
Study sites and sampling conditions -The fi eld study was carried out between December 2010 and January 2011 in the Nuba Mountains, South Kordofan, Sudan ( Table 1 , Fig. 2 ) , covering an altitudinal range from 613-1013 m a.s.l. The area (latitude 10 ° 30 ′ N to 12 ° 30 ° N, longitude 29 ° 00 ′ E to 30 ° 30 ′ E) belongs to the Sudano-Sahelian zone with a semiarid climate. Average annual rainfall increases from north (500 mm) to south (800 mm), while annual temperature averages 29.9 ° C with a variation from 31.0 ° C in April to 24.2 ° C in January ( Ismail and Elsheikh, 2007 ) . Vertisols (cracking clay soils also known as Black Cotton Soils) are present in stretches of plains and valleys between hills and intrusive 'Inselbergs'. Along the foothills, Ustalfs are regularly found (United States Soil Taxonomy, locally called ' gardud '), predominantly consisting of heavy clays with aeolian sand. Weathered granitic-derived rocky soils dominate the higher-elevated mountain ranges.
In total, 306 trees were randomly sampled from seven spatially separated locations to cover a wide range of gradients of rainfall and elevation ( Table 1 , Fig. 2 ). Trees were further classifi ed according to the distance to human settlements: 'homesteads' (less than 100 m distance from the house compounds/gardens) and 'wild' (more than 100 m distance from last compounds/gardens). We used this classifi cation to differentiate the intensity of human intervention on baobab stands assuming strong direct impact within, rather than outside, the settlements. Although trees were sometimes growing in groups with short distances between each other, a minimum sampling distance of 100 m between trees was generally kept to reduce the risk of sampling closely related individuals ( Gillies et al., 1999 ) .
Of each tree, fi ve young and healthy leafl ets were collected, air-dried in the shade, and subsequently stored in plastic bags with silica gel to avoid DNA deterioration. For reference purposes and to test the extent of genetic differentiation, indicating the simultaneous applicability of both approaches. The same software package was used to calculate percentages of polymorphic loci (alleles) at the 5% level ( PPL 5% ), Nei's gene diversity ( H j ; Nei, 1973 ) and the number of rare and private alleles. Band richness ( Br [n] ) was computed with AFLPdiv ( Vekemans, 2002 ) to estimate a standardized measure of diversity independent from sample size. Isolation-by-distance correlations (Mantel tests) were conducted with GenAlEx v6.41 ( Peakall and Smouse, 2006 ( Pritchard et al., 2000 ) to identify genetic substructures within regions and locations. The algorithm was originally developed for codominant data. Thus, we defi ned the binary data as haploid data with second alleles entered as missing values ( Munthali et al., 2013 ) . We chose the admixture model with correlated allele frequencies among populations. The setting consisted of 10 replicated analyses for testing each K = 1 to K = 10, with a compute all possible allele combinations for partial heterozygotes and to estimate a multilocus mean value for Hardy-Weinberg's expected heterozygosity ( H E ), Shannon-Weaver's diversity index ( H ′ ; Shannon and Weaver, 1949 ) and Nei's measure of population differentiation ( G ST ; Nei, 1986 ) . All calculations were based on a 100-value subset of all possible multilocus values for each group. As a consequence of computational limits of the program, only 10 randomly chosen individuals per group were included per analysis. Thus, all analyses were repeated three to fi ve times to enlarge the sample number per group, and mean values were calculated. In addition, codominant allele patterns were converted into 'allele phenotypes' and analyzed in the manner of binary markers ( Becher et al., 2000 ; Bockelmann et al., 2003 ; Rodzen et al., 2004 ; Markwith and Parker, 2007 ) . Presence or absence of alleles was entered as (1) or (0) using the program AllelEncoder01 v1.0 (Bonow, unpublished). A signifi cant correlation of r = 0.300 ( P = 0.01, Mantel test; Mantel, 1967 ) for both codominant and binary matrices was assessed with GenAlEx v6.41 ( Peakall and Smouse, 2006 ) The location-wise H ′ ranged from 1.737 (NW) to 2.052 (SW), and H E correspondingly varied between 0.586 (NW) and 0.680 (SW). H j was also highest for SW (0.147) and lowest for NW (0.114). The correlation of H E (tetraploid approach) and H j (binary matrix) was signifi cant ( r = 0.856, P < 0.05) and supported the application of both analytical methods to study the population genetics of baobab. Band richness ( Br [5] ) was highest in NW (1.366) and lowest in SE (1.410). Mean PPL 5% was 66% (range: 41-78%) with the lowest value in NW and the highest in SW ( Table 3 ). The lowest percentage of rare alleles was found in NW (0%) and the highest at the central location (C; 24%), while lowest percentages of private alleles were observed at the southern location (S; 0%) and the highest ones in SW (50%, Table 3 ). Low differences in genetic diversity were found between 'homestead' and 'wild' stands ( Table 3 ), but PPL 5% for rare and private alleles were slightly higher in the 'wild' stands ( P > 0.05). Differences were found between clusters 1 and 2 with a trend toward slightly higher genetic diversity in cluster 1, but only signifi cant for PPL 5% ( Table 3 ) .
Location-wise analyses (AMOVA) revealed low variation among locations (7.1%), but a high within-location variation (92.9%, P < 0.001, Table 4 ). 'Homestead' and 'wild' individuals were the most similar with less than 1% between-group variation ( P < 0.001). Individuals of clusters 1 and 2 showed 7.0% between-and 93.0% within-group variation ( P < 0.001), similar to the values for among and within locations ( Table 4 ) . To test whether SW was mainly responsible for the differentiation, we excluded one location each from the AMOVA by performing six separate analyses. As expected, the exclusion of SW resulted in lower between-location variation (5.5%, P < 0.001). The mean G ST difference between the 'homestead' and 'wild' stands was 2.9% ( Table 4 ) . Although numerically different, the level of pairwise differentiation ( G ST ) based on directly derived allele frequencies confi rmed the results of the corresponding F ST value for all groups ( Table 4 ) .
Mean G ST within locations ranged from 0.025-0.048 (overall mean: 0.035, Table 5 ) . The lowest value was detected between the northern (N) and central (C) locations, and the highest between NW and SW. The G ST values were weakly correlated to geographical distances (Mantel test: r = 0.443, P = 0.01, data not burn-in period of 10 000, followed by 50 000 Markov chain Monte Carlo iterations. The most likely number of groups was identifi ed by STRUCTURE Harvester vA.1 ( Earl and von Holdt, 2012 ) including the ad hoc statistic Δ K and the corresponding mean rate of change of the ln-likelihood (ln ′ K ) suggested by Evanno et al. (2005) . The procedure was performed for both the entire data set including West Africa, and the Nuba Mountains alone. SPSS 19.0 for Windows (SPSS, Chicago, IL, USA) was used to detect dendrometric and fruit morphometric differences among groups performing non-parametric tests including Kruskal-Wallis-H (all variables failed the Shapiro-Wilkinson normality test) and Mann-Whitney-U tests. In the case of nominal or ordinal data, Fisher's exact χ 2 tests were applied. Statistical results were evaluated based on a two-tailed signifi cance level at P < 0.05 . Coeffi cients of variation (CV%) were computed for fruit length, fruit diameter, and fruitshape ratio for the overall data set.
RESULTS
Genetic variation among Sudan and West Africa -Bayesian cluster plots resulted from STRUCTURE analyses for both regions revealed highest ln ′ K and lowest standard deviation values for the most likely number of clusters at K = 2 ( Fig. 3A ) , clearly separating all individuals in West Africa from those in the Nuba Mountains. Two distinct chloroplast haplotypes inferred from ccmp3 markers correspondingly differentiated Sudanese and West African samples, whereas no chloroplast variation was observed within each region. Genetic diversity ( H j , Br , H E , H ′ ) was signifi cantly higher for populations of West Africa compared to the Nuba Mountains except for the percentage of polymorphic loci ( Table 3 ) . Signifi cant differences were also found for rare alleles, with the highest ones in the Nuba Mountains, while private alleles were equal to zero ( Table 3 ). Molecular variance obtained by AMOVA indicated 41.4% of variation between-and 58.6% of variation withinthe two regions ( P < 0.001, Table 4 ) .
Genetic diversity patterns in the Nuba Mountains -Genetic structure analyses for the seven surveyed locations based on the Bayesian approach revealed the highest likelihood for two clusters ( K = 2, Fig. 3B ), differentiating the gene pool of 90% of all individuals from SW (cluster 2) and the gene pool containing 91% of individuals from the remaining six locations (cluster 1). 29.0 cm (SW), 12.3 cm (C), and 3.7 cm (S). Although differences of fruit traits between stands were low, a trend toward a higher frequency of longer fruits in 'homesteads' was observed (data not shown).
DISCUSSION
Genetic diversity and differentiation -Genetic variation is a key requirement of adaptation and evolution and is, therefore, signifi cant for the survival of plant populations ( May, 1994 ; Mace et al., 2003 ; Jump et al., 2009 ) . Despite its local limitation, our study revealed a substantial amount of genetic variation in the surveyed Sudanese populations of Adansonia digitata . Some genetic diversity measures were reduced in the Nuba Mountains compared to the West African samples, but this fi nding can be explained by the geographical sampling range ( Bashalkhanov et al., 2009 ) , which was regionally limited in Sudan, but large across the three West African countries. However, higher numbers of rare alleles in the Nuba Mountains might indicate hidden genetic resources. The combination of two different approaches (tetraploid and binary matrices) allows for an adequate investigation of population genetics in tetraploid plant species ( Markwith and Parker, 2007 ; Sampson and Byrne, 2012 ; Prinz et al., 2013 ) . Unfortunately, our microsatellite results cannot be directly compared to other genetic studies of A. digitata mostly using AFLPs or microsatellite studies of other indigenous fruit tree species. So far, only one investigation based on microsatellite markers (but treated as a binary matrix) exists for baobab populations in Malawi ( Munthali et al., 2013 ). Nei's genetic diversity was slightly higher in Malawian populations (0.12 to 0.18, n = 156) as compared to the Sudanese locations (0.11-0.15, n = 306). The distribution ranges are deeply differentiated in that almost 60% of shown). Mantel tests for 'homestead' and 'wild' trees separately revealed marginally higher isolation-by-distance correlations among individuals from 'homesteads' compared with 'wild' ones ( r = 0.405, P = 0.04 and r = 0.371, P = 0.02, respectively).
Phenotypic variation -Signifi cant differences were found for tree dimensions among seven sampling areas in the Nuba Mountains ( Table 6 , Figs. 1A, D, and E ). Mean DBH and tree height were highest in SE and lowest in C ( P < 0.001). In 'homesteads', DBH and proportions of larger size classes were signifi cantly lower than in the 'wild' stands ( P = 0.011 and 0.033, Tables 2 and 6 , respectively), and the largest size class was even absent in 'homesteads' ( Fig. 4 ) . The population structure also differed in shape, with an 'inverse J-shaped' distribution of size classes for 'homestead', that is the highest proportion of trees found in the smallest size class, and a right skewed distribution for 'wild' trees ( Fig. 4 ) . Tree height was slightly higher in 'wild' than in 'homestead' stands, although none was signifi cantly different ( Table 6 ). The genetically derived clusters showed no signifi cant differences in dendrometric traits ( Table 6 ) .
Fruits were only collected from 47% of the sampled trees because of the total absence (4%), or immature status, of fruits. Fruit size and shape ratio did not differ signifi cantly between locations, stands or genetically derived clusters, but the fruitshape ratio tended to be lower in the southern locations compared to the northern ones ( Table 6 ). The CV for fruit length was 35.3%, for diameter 26.3% and for fruit-shape ratio 33.5%. The longest individual fruit measured 37.5 cm, the widest had a diameter of 16.2 cm, and a maximum fruit-shape ratio of 4.9 (all measured in the SW). The values for the trees with the highest fruit trait means for the respective variables each were ( Wickens, 1982 ) . Apart from wild animals, humans are apparently more important vectors of baobab seed dispersal. In the Nuba Mountains, distinct gene pools may have been caused by repetitive waves of human immigration over millennia following changes in agro-ecological conditions ( Bedigian and Harlan, 1983 ) . In addition, recent long-distance dispersal through improved mobility and increased trade of reproductive plant material by humans have infl uenced genetic diversity patterns. The most diverse SW area is located at the end of a paved road reaching the city of Kadugli, which is the local administrative unit and main market facilitating the exchange of plant material for marketing not only within the region, but also from far away. Thus, unequal extents of past admixture and introduction of seeds from areas not surveyed in this study may have led to the present appearance of two distinct gene pools in the Nuba Mountains. In general, a weak impact of humans on genetic structure within the research area was observed as 'homestead' and 'wild' stands were only weakly differentiated. Nonsignifi cant the total variation was observed among the West African and Sudanese samples ( Table 4 ) and the Bayesian cluster analysis revealed two separated gene pools ( Fig. 3A ) . Our fi nding is well supported by the spatial distribution of chloroplast haplotypes in Africa and best explained by the concept of a Mega-Chad Lake existing millennia ago that may have suppressed effective long-distance gene fl ow between these two regions ( Wickens and Lowe, 2008 ) .
Within the Nuba Mountains, genetic diversity differed among locations, especially the numbers of rare and private alleles ( Table 3 ) . Such alleles are considered useful for adaptation under changing environmental conditions ( Allendorf and Luikart, 2007 ) , and they are thus needed to maintain the species' diversity. Shared rare alleles among locations ( Table 3 ) and low genetic differentiation ( G ST , Tables 4 and 5 ) indicated effi cient gene fl ow among the seven surveyed locations, such as through pollen dispersal by fruit bats, and seed dispersal by monkeys and humans ( Wickens and Lowe, 2008 ) . These results contradicted the detected spatial genetic structure of 11 West African populations, where pollination and dispersal vectors operated at local scales ).
In the Nuba Mountains, NW showed the lowest diversity most probably due to the very low sample size. In contrast, highest values were found in SW represented by the highest number of samples. This location also captured one of the highest number of rare, and the highest number of private alleles ( Table 3 ) . Consequently, two gene pools were determined by the Bayesian analysis grouping almost all individuals from SW, and forming a second group with individuals from remaining populations ( Fig. 3B ). This separation, and thus, the distribution of genetic variation, may be explained in different ways.
In the Nuba Mountains, the often rough and impassable outcrops and hill ranges may form barriers for seed dispersal. However, effective gene fl ow and seed dispersal can still be expected because monkeys such as baboons, which are known to disperse baobab seeds, are widely present in the research area 
Morphological diversity -
The dendrometric values of baobab in the Nuba Mountains are well explained by the rainfall gradient because growth rates of tropical trees are known to be positively infl uenced by higher seasonal water availability ( Worbes, 1999 ) . In addition, inter-site differences largely depend on plant species demography and microclimatic conditions, which should be particularly important for A. digitata ). The differences in size class distribution with lower mean diameters in 'homesteads' ( Table 2 ) can be explained by the relative young age of 'homesteads' (determined at around 40 yr; Wiehle et al., 2014 ) . Our results confi rm the importance of protected areas (homegardens and parklands) as survival strategy for future baobab populations ( Venter and Witkowski, 2013 ) .
The mean fruit lengths recorded in the current study (13.9-16.5 cm, Table 6 ) were in the range of those found by Sanchez et al. (2011c) in cm, respectively), as well as reported by Munthali et al. (2012) from Malawi (11.9-16.5 cm). We used CV values to evaluate the impact of genetic or environmental factors on morphometric fruit traits. The CVs were highest for fruit-shape ratio and fruit length, and thus, these traits were most informative in explaining tree-to-tree fruit variation. Kimmins (1987) allocated values between 14 and 19% to genetic control and 40-45% to environmental control. Because CV values in our study ranged from 26-36%, both genetic and environmental determinants may have affected fruit morphometry in the studied baobabs. These results are supported by Assogbadjo et al. (2005) and Sanchez et al. (2011a) , although Assogbadjo et al. (2011) suggested a strong maternal heritability of baobab fruit characteristics in Benin. Our study did not indicate a strong human impact regarding larger fruits-which are considered to be the fi rst signs of human intervention in indigenous fruit tree species ( Atangana et al., 2002 ; Leakey et al., 2004 ; Parker et al., 2010 )-although a numerically higher frequency of longer fruits was present in 'homesteads', as hypothesized by Leakey et al. (2004) for domesticated species. However, much more information is needed for future domestication programs because this tree is a vital resource for the livelihood of local communities.
Conclusions -Our study revealed a promising pool of genetic resources of Adansonia digitata at a local scale in the northernmost distribution range of the species in East Africa. Although geographically limited, observed genetic and morphological variation indicated a vital network of populations. Because the Nuba Mountains area is highly infl uenced by humans who have lived there for hundreds of years, and baobab is considered to be supported rather than restricted by human intervention, this could be a further cause of variation. As a consequence of its multipurpose function, A. digitata is
